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Visuomotor adaptation to a gradual or sudden screen cursor rotation was investigated in healthy young and
elderly subjects. Both age groups were equally divided into two subgroups; one subgroup was exposed to
11.25° step increments of visual feedback rotation, every 45 trials (up to a total of 90°), whereas a second
subgroup was subjected to 90° rotation from the onset of exposure. Participants performed discrete,
horizontal hand movements to virtual targets in four randomized directions. Targets appeared on a computer
screen in front of them, and a board prevented vision of the hand at all times. Differential effects of aging on
visuomotor adaptation were found, depending on the time course of the visual distortion. In both age groups,
early exposure to the sudden visual feedback distortion resulted in typical spiral-like trajectories, which
became straighter by late exposure. However, the final adaptation level was reduced in the aged group,
although the aftereffects were similar. When subjects were exposed to the gradual distortion, no statistically
significant differences in measures of adaptation with advancing age were found. In this case, both age
groups appeared to adapt equally. However, after removal of the distortion, elderly subjects showed reduced
aftereffects as compared with the young group. These findings suggest differential effects of aging on
adaptation to gradual versus sudden visual feedback distortions, and may help to explain the conflicting
results obtained in previous visuomotor adaptation studies.

One of the fundamental properties of the human brain is its
ability to adapt to changing intrinsic (e.g., growth and ag-
ing) and/or extrinsic (e.g., changing environment) condi-
tions. Sensory-motor behavior requires the transformation
and integration of information from different modalities and
different coordinate systems. In visually guided reaching,
the location (or spatial direction) of an object with respect
to the initial position of the hand needs to be transformed
into motor commands that move the arm toward the target.
This visuomotor transformation needs to be updated if en-
vironmental conditions change. For example, the mapping
between visual space and motor commands can be altered
by artificially rotating and/or scaling the visual space via
manipulation of the real-time visual feedback of hand move-
ments displayed on a computer monitor. These visuomotor
manipulations are termed screen cursor (or display) rota-
tion and screen cursor (or display) gain, respectively.

The effects of aging on adaptive visuomotor mecha-
nisms and behavioral responses are controversial. Some
studies found no age-related adaptation deficits (Canavan et
al. 1990; Roller et al. 2002); whereas others suggest that
aging results in slower and reduced adaptation (Etnier and
Landers 1998; McNay and Willingham 1998; Fernandez-Ruiz
et al. 2000; Teulings et al. 2002). In terms of aftereffects (a
measure of visuomotor learning), the results are also con-
fusing. In prism adaptation tasks, Fernandez-Ruiz et al.
(2000) reported larger aftereffects in the older group;

whereas Roller et al. (2002) did not find age differences in
aftereffects. Moreover, McNay and Willingham (1998)
showed that aging does not affect the aftereffects during
post-exposure if participants are told of the absence of the
visual distortion at the start of this phase.

It is plausible that differences in the instructions to
participants, degree of visuospatial awareness of the dis-
torted environments, cognitive status of participants, and/
or differences in the experimental paradigms or even analy-
sis procedures may account for some of the differences
summarized above. Nevertheless, the age-related decline
observed in visuomotor adaptation reported in some of the
studies above could be explained by reduced plasticity
(Pratt et al. 1994; Mirmiran et al. 1996), increased move-
ment variability with age (Cooke et al. 1989; Darling et al.
1989), deficits in visuospatial working memory (West 1996;
Raz et al. 2000; Richardson and Vecchi 2002), and degraded
cognitive/strategic processing (McNay and Willingham
1998; Fernandez-Ruiz et al. 2000; Raz et al. 2000). These
possible explanations have important consequences for
both determining the underlying basis for deterioration of
visuomotor mechanisms in aging and for devising new in-
tervention procedures for new skill learning in elderly
populations.

Recently, several studies have shown that the time
course of kinematic distortions (e.g., due to changes in dis-
play gain or display rotation) influence the level of adapta-
tion and aftereffects in young healthy subjects. Thus, par-
ticipants exposed to a gradual distortion show improved
adaptation, reduced spatio-temporal movement variability,
and larger aftereffects than those participants exposed to
sudden (step) visuomotor distortions (Kagerer et al. 1997;
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Robertson and Miall 1999; Ingram et al. 2000). Importantly,
it was noted (as in the present study) that whereas partici-
pants in the step adaptation paradigm became aware of the
distortion at the onset of the first exposure trial, partici-
pants in the gradual condition were not aware of the dis-
tortion until after they experienced the first post-exposure
trial (in fact, a step change from the distorted to the baseline
environment). This suggests that step adaptation involves
learning to reduce visuospatial errors using explicit cogni-
tive strategies, whereas gradual adaptation may engage pri-
marily implicit learning mechanisms. Thus, as participants
in the gradual paradigm are not aware of the introduction of
the distortion, the use of potential cognitive strategies to
solve the visuomotor discordance is minimized in this case.
Finally, as gradual distortions result in smaller spatio-tempo-
ral variability than step distortions, the signal-to-noise ratios
in the feedback signals used for learning are enhanced, re-
sulting in better learning.

In summary, the visuomotor adaptation paradigm can
be viewed as an active task that requires transformation,
integration, modification, and storage of visuospatial and
kinesthetic information. This storage and manipulation of
visuospatial information, however, appears to be affected
by verbal processes (e.g., oral instructions to participants),
attentional processes (e.g., awareness of visual distortions),
the quality of the visual feedback signals (e.g., signal to
noise ratio), and the task complexity (e.g., degree of rota-
tion). In fact, Abeele and Bock (2001) have shown that
although the adaptation to small rotations can be achieved
by gradually shifting the internal model of the transforma-
tion, adaptations to large rotations may require two process-
ing stages—a polarity inversion of two axes (=180°), fol-
lowed by a backward shift toward a smaller rotation angle.

In the present study, we varied the time course of
visual distortions to investigate the effects of aging on the
acquisition of an internal model of a novel environment
(e.g., a screen cursor rotation) in both gradual and step
(sudden) visual distortion regimes (Fig.
1A,B). We hypothesized that gradual, as
compared with sudden, cursor rotations
would enhance visuomotor adaptation
learning in the elderly as the extent of
required adaptation at each rotation step
(e.g., task complexity), the use of cogni-
tive strategies, and the spatio-temporal
movement variability are reduced in this
regime. We also predicted that if aging
degraded the explicit selection and
implementation of cognitive strategies,
elderly participants would show better
learning and performance in gradual (im-
plicit) adaptation as opposed to step (ex-
plicit) adaptation. Importantly, if the in-
structions to participants, the experi-

mental setup, and the cognitive status of the participants
were kept the same, age differences could not be attributed
to these factors.

RESULTS

Movement Paths
Movement trajectories (mean ± SD) observed during the
last five trials of the pre-exposure condition, in the absence
of visual feedback rotation, were similar across all sub-
groups (Fig. 2, Pre-exposure). Specifically, the pointing
movements to the four targets during the pre-exposure con-
dition were relatively straight for both young and elderly
participants.

As expected during the initial five trials of the exposure
condition, the sudden rotation had a much more pro-
nounced effect on the movement path than the gradual
rotation in both age groups. We noted that in the sudden
rotation condition, subjects appeared to explore the work-
space extensively, showing a combination of clockwise spi-
ral-like trajectories as well as sudden (angle or jagged ac-
tions; see Roby-Brami and Burnod 1995) reversals in move-
ment direction, all of which resulted in large spatial
movement variability during the early exposure period, par-
ticularly in the young group (see Sudden Rotation in the
Early exposure in Fig. 2). This is consistent with the large
mean and SD of the initial direction of movement in early
exposure trials during sudden rotation (see insets in Fig. 2).
Although all participants became aware of these pro-
nounced deviations upon performing the first trial under
the 90° visual rotation, debriefing by the experimenters in-
dicated that by the end of the experiment, none of them
were able to recognize the nature and/or magnitude of the
distortion.

In agreement with prior reports (Kagerer et al. 1997),
subjects showed straighter movement paths throughout the
exposure condition in the gradual distortion condition. In

Figure 1 (A) Depiction of the experimental set-up. (B) Time-course of the sudden and
gradual visual feedback distortion as a function of trial.
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fact, over the last five trials of exposure (Late exposure in
Fig. 2), young and elderly subjects for each distortion type
were able to move to the directed target relatively straight,
although some shallow-arched paths and some path rever-
sals remained. Therefore, subjects were able to adapt to the
extent in which the movements were almost similar to
those performed at pre-exposure. Immediately following
the rotation removal (see Post exposure in Fig. 2), afteref-
fects were seen in both groups, suggesting that both young
and elderly subjects were to some extent able to update
their internal model of the transformation, and thus, their
planned, initial movement direction. Visual inspection of
the initial direction of movement at post-exposure (see in-
sets in Fig. 2D) shows that the initial movement direction at
post-exposure was comparable for both age groups for the
sudden condition only. Moreover, a larger directional after-
effect was observed in the gradual condition for the young
group compared with the elderly group. Thus, the elderly
did not adapt their internal model of the initial direction of
movement in the gradual distortion to the same extent as
the young controls.

Effects of Distortion Type
(Sudden vs. Gradual)
To investigate the effects of sud-
den versus gradual distortions on
visuomotor adaptation, measures
related to both planning (IDE) and
execution (RMSE) components of
the movement were analyzed.

Figure 3 compares the effects
of age group (Young; Elderly) and
distortion type (Gradual; Sudden)
on the time courses for the stan-
dardized IDE and RMSE scores as a
function of trial block. From the
nonlinear fitting procedure, it was
found that the error scores were
better fitted with double exponen-
tials during exposure trials and
with single exponentials functions
during post-exposure trials. As ex-
pected, during the initial trials of
the exposure condition, the mag-
nitude of the standardized IDE and
RMSE scores in the sudden cursor
rotation was much larger than that
in the gradual distortion type.
Both age groups responded simi-
larly to the sudden distortion, as a
Kruskal-Wallis test comparing the
two age groups revealed that the
differences in the mean standard-
ized IDE and RMSE initial response
(e.g., in early-exposure trials) to

the step distortion did not reach statistical significance
(both P > 0.05).

The small rotation steps in the Gradual distortion con-
dition resulted in reduced standardized IDE and RMSE
scores throughout the exposure phase. As expected, there
were not significant age differences in the early response to
the distortion as assessed by the Kruskal-Wallis test (P >
0.05). Note, however, that the standardized IDE and RMSE
scores slowly increased with the magnitude of the rotation
and eventually leveled off during the gradual distortion. This
was true for both age groups. Repeated-measures MANOVA
showed a main effect of rotation block (Wilk’s �;
F[14,110] = 10.433; P < 0.001), but no main effect of age or
age by rotation-block interaction (both P > 0.05).

Final Level of Adaptation
To assess differences in the final level of adaptation as a
function of age and distortion type, we used the Kruskal-
Wallis test to compare the means of the trial-blocks during
the adaptation to the 90° rotation (e.g., late-exposure). As
reflected in Figure 3, a significant age effect during Step

Figure 2 Screen cursor movement paths (mean ± SD) and normalized shifts of initial direction of
movement (mean ± SD; insets) for the young and aged groups as a function of distortion type and
stage of visuomotor adaptation. (A) Pre-exposure, (B) early-, and (C) late-exposure to a 90° CCW
screen cursor rotation, and (D) post-exposure following removal of the screen cursor rotation. In
these figures, the last two trials of pre- and late-exposure, and the first two trials of early and
post-exposure for each subject per target direction (10 traces total per target direction for each
condition) have been overlaid to show typical movement paths at different stages of learning (e.g.,
sharp reversals, spirals, loops, etc). (Insets) The dark vectors represent mean normalized shifts of the
initial movement direction, collapsed across targets, from pre-exposure to early- (B), late- (C), and
post-exposure trials (D), respectively. The mean initial direction of movement at pre-exposure
(represented as a broken dark line) is set to 0°.
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adaptation was found for standardized RMSE scores
(�2 = 4.811, df = 1, P < 0.05). However, whereas Figure 3
shows a trend toward a larger mean standardized IDE score
in the aged group, this did not approach statistical signifi-
cance (�2 = 0.884, df = 1, P = 0.347), perhaps due to the
large directional variability. An interesting finding is that
both age groups reached the same level
of adaptation by late-exposure in the
gradual distortion condition (P > 0.05 for
both standardized IDE and RMSE scores),
suggesting a beneficial effect of shaping
by gradual exposure to the distortion.

Aftereffects
During the post-exposure trials, the after-
effect was manifested as a negative stan-
dardized IDE score (in fact in the oppo-
site direction as that seen during early
adaptation trials) and as an increase in
standardized RMSE scores. Post-expo-
sure trial-block means depicted in Figure

3 showed the typical rapid exponential
return to pre-exposure levels.

Neither the first aftereffect nor the
mean of the first four aftereffects re-
vealed statistically significant differences
across age groups by the Kruskal-Wallis
test in the sudden adaptation task (stan-
dardized IDE and RMSE scores, both P >
0.05). Surprisingly, in the gradual adap-
tation task (see Fig. 4), there were statis-
tically significant age effects for both
standardized IDE and RMSE scores when
comparing the first aftereffect trial (IDE
score, �2 = 3.938, df = 1, P < 0.05; RMSE
score, (�2 = 4.811, df = 1, P < 0.5). The
age-related differences in post-exposure
trials disappeared when the first four tri-
als after removal of distortion were uti-
lized for the IDE score (�2 = 0.884,
df = 1, P > 0.05), whereas the RMSE
score showed only a marginal reduction
(�2 = 3.153, df = 1, P = 0.076).

DISCUSSION
The present study investigated the ef-
fects of age in visuomotor adaptation to
gradual as compared with sudden screen
cursor rotation. The results obtained in
the present study confirm that this task is
a powerful, sensitive, and reliable tool
for investigating the effects of aging on
the transformation, integration, modifi-
cation, and storage of visuospatial and

kinesthetic information for movement planning and execu-
tion. This adaptation task can be analyzed as having four
major component processes. (1) The perceptual coding of
the apparent location of the target and the end-effector
using visuospatial and kinesthetic information, respectively;
(2) the explicit selection of corrective actions (e.g., spiral,

Figure 4 Aftereffect (mean and SEM) for standardized IDE and RMSE scores for the first
aftereffect trial and the first aftereffect trial-block mean.

Figure 3 Trial block means, standard errors, and fitted curves for the standardized initial
directional error (IDE) and root mean square error (RMSE) scores during exposure and
post-exposure conditions as a function of age group and distortion type. The group data for
each measure has been subdivided into two sections and fit separating the exposure (double
exponential fit), and post-exposure (single exponential fit) conditions as stated by the hori-
zontal axis label (left).
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jagged,or slow progression action) in the case of a sudden
rotation, or the implicit rotation of the direction of hand
movement in the gradual regime to align the hand direction
to the target direction; (3) the explicit or implicit compari-
son between the rotated hand direction and the unrotated
target direction with respect to the starting position; (4) the
explicit or implicit decision on whether the hand direction
and target direction align to each other; and (5) the modi-
fication and/or storage of the internal representation of the
visuo-motor transformation (based on step 2) to be used in
the next trial.

In the present study, we found age-related differences
in both final adaptation levels and aftereffects, depending
on the time course of the visual distortions. Specifically,
whereas both young and aged groups show similar stan-
dardized IDE and RMSE adaptation levels throughout the
exposure trials to the small stepwise gradual screen cursor
rotations, the aged subjects showed higher standardized
RMSE scores (but similar IDE scores) in the sudden task than
the controls. Moreover, when analyzing the aftereffect tri-
als, no age-related statistical significant differences were
found for the sudden adaptation task independently of
whether one or four post-exposure trials were used to ana-
lyze the aftereffects. Interestingly, when analyzing the first
post-exposure trial in the Gradual adaptation task, the aged
group showed smaller aftereffects, even though the final
adaptation levels were comparable with those of the young
participants. However, the aftereffects disappeared when
four post-exposure trials were analyzed in this adaptation
regime. The aftereffects seen in the first post-exposure trial
in the sudden condition (thought to be free of the influence
of cognitive strategies) most likely represent the learning
due to explicit mechanisms, whereas the aftereffects seen
in the first post-exposure trial in the gradual condition (also
free of the influence of strategies) would reflect implicit
learning. Moreover, our results suggest that learning and
performance are differentially affected by aging; implicit
learning mechanisms seem to deteriorate with age during
gradual adaptation, whereas implementation of cognitive
strategies in the older subjects degrades with respect to that
of the young during sudden adaptation.

A puzzling outcome of the experiment was that the
results from the final adaptation levels in the step rotation
task showed a dissociation of IDE and RMSE scores, which
was not maintained for the aftereffects. This dissociation
could be explained by the following: (1) the use of different
strategies (e.g., the continuing use of a jagged corrective
action or loops during late adaptation, as opposed to a
switch to a slow progression strategy; see Roby-Brami and
Burnod 1995) in the elderly, which would result in different
RMSE levels, but not necessarily larger IDE scores; and/or
(2) increased movement execution variability that would
affect RMSE but not IDE, as the latter is computed before
feedback can affect it. The lack of aftereffect differences

between age groups, and the lack of dissociation between
RMSE and IDE scores in the post-exposure phase suggest
that both age groups used the same cognitive strategy (e.g.,
CCW spirals) when exposed to the baseline (known) envi-
ronment.

In agreement with the studies of Kagerer et al. (1997)
and Abeele and Bock (2001), when the magnitude of the
visual rotation was increased in small steps, the standard-
ized directional (IDE) and spatial (RMSE) errors remained
initially low, but then increased gradually with each step.
Abeele and Bock (2001) suggested that the reduced errors
observed in the gradual rotation paradigm were to be ex-
pected if adaptation during one step facilitated the adapta-
tion during the next step (e.g., carryover). The lack of age
effects during exposure in this adaptation regime may be
attributed to both reduced-task complexity and increased
signal-to-noise ratios in the feedback signals used for learn-
ing.

It can be argued that only the first post-exposure trial is
free of volitional strategic shifts (Fernandez-Ruiz et al.
2000), and thus, is a truer indicator of learning than addi-
tional post-exposure trials. The reduced aftereffects in the
aged group when comparing the first post-exposure trial
may be indicative of reduced visuomotor learning under a
gradual adaptation regime. Because the aftereffect differ-
ences vanished when more post-exposure trials were uti-
lized, it is suggested that the observed deficit resulted from
deterioration of implicit learning mechanisms, rather than
from a decline in volitional (cognitive) strategies. Then,
why is there no such effect in the sudden condition? We
argue that sudden adaptation engaged explicit cognitive
strategies to search for the correct visuomotor relationship,
and that although the type (or mixture) of strategies may
have varied across the age groups, the resulting amount of
learning was similar across groups by late exposure.

Comparison to Previous Studies
of Visuomotor Adaptation
Results from previous studies on visuomotor adaptation in
aging are not consistent (see Table I). In the Teulings et al.
(2002) experiment, the gain between the amplitude of
movements of a hand-held pen and the real-time visual feed-
back of the vertical pen movement displayed in a display-
digitizer was either less (70%) or greater (140%) than nor-
mal (i.e., 1.0) in some trials (a display gain paradigm). Thus,
subjects had to write larger-than-normal to compensate for
the reduced display gain, or smaller-than-normal to compen-
sate for the enlarged display gain. As expected, young sub-
jects adapted quickly to the distorted display gain. How-
ever, the elderly subjects showed reduced adaptation and
reduced aftereffects when compared with the young group.
As the display gain affected progressively the subject’s on-
going writing trace, this experiment could be considered a
gradual adaptation paradigm. Conversely, in the prism ad-
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aptation task of Fernandez-Ruiz et al. (2000), the elderly
subjects showed slower adaptation than the control group,
but after removing the prisms, the aged group showed a
larger aftereffect. This result is not consistent with other
reports of visuomotor adaptation in aging. Canavan et al.
(1990) reported no effects of age, with no differences in
number of trials to criterion, total distance incurred in mis-
reaches or the distance of the first mis-reach during expo-
sure between age groups. Roller et al. (2002) and Contreras-
Vidal et al. (2002) also reported no differences in measures
of visuomotor plasticity with advancing age. Moreover, Mc-
Nay and Willingham (1998), using a 90° CCW display rota-
tion paradigm during line tracing, reported that elderly par-
ticipants had impaired adaptation during exposure, but nor-
mal aftereffects as in the present study.

The discrepancies in prior studies may be related to
task or methodological differences. Thus, in the prism ad-
aptation studies, adaptation may require additional recali-
bration of the visual system with respect to the neck or
trunk position, as the visual targets and visual field do not
remain constant through the task (cf., Ingram et al. 2000).
Moreover, the elderly populations used in the above studies
may not have been homogenous. In the study by Canavan
and colleagues, subjects performed verbal and spatial IQ
tests (but scores were not reported), whereas in the Fern-
andez-Ruiz et al. study, subjects were screened for psycho-
logical disorders (but the specific test and scores were not
reported either). Furthermore, in Teulings et al. (2002) and
Roller et al. (2002), no neuropsychological testing was uti-
lized in screening the elderly population. Finally, the con-
tent and level of detail in the task instructions varied widely
across the studies; thus, the cognitive demands of the tasks
may have varied as well. For example, in the McNay and
Willingham’ (1998) study, subjects were told that during

post-exposure, the transformation had now been removed
and they should trace the line exactly as they had in a
baseline condition. These instructions may have decreased
the use of volitional strategies, therefore, reducing the cog-
nitive load in the task. Similarly, Roller et al. (2002) in-
formed participants of the potential for visual alteration by
prisms, which may account for their reported lack of age
effects on adaptation.

The present results imply differential effects of aging
on adaptation to gradual compared with sudden visuomotor
distortions. As the participants had the same cognitive sta-
tus, were told the same instructions, and performed under
the same experimental apparatus, it seems from the task
analysis discussed at the beginning of the Discussion, that
one of the main differences between sudden and gradual
adaptation is the explicit versus implicit nature of the two
adaptation regimes. This, in turn, translates into differences
in the awareness of the large versus small visual distortions,
and in the selection and use of cognitive strategies versus
implicit learning mechanisms. The second difference relates
to the level of task complexity (e.g., amount of visual dis-
tortion), which in turn had an influence on the level of
spatiotemporal variability of the response (cf., for example,
the error bars in gradual vs. step rotation in Fig. 3). Further-
more, the magnitude in the aftereffects levels in gradual
adaptation depended on whether one or more post-expo-
sure trials were included in the analysis. This suggests that
when cognitive strategies are removed from the task (as is
the case of the first post-exposure trial), aging effects may
become significant if explicit cognitive strategies were not
used for learning. Thus, part of the conflicting results sum-
marized in Table 1 may be accounted for by the number of
post-exposure trials used to assess visuomotor learning.

Current behavioral theories suggest that cognitive de-

Table 1. Summary of Effects of Aging on Visuomotor Adaptation

Reference Task Adaptation Aftereffects

Teulings et al. (2002) Display gain (direct feedback) Y >E Y >Eb

Fernandez-Ruiz et al. (2000) Prism adaptation: rightward (30°) throw on 10 ×
10 cm2 target, 2 m away

Y >E Y <Ea

Buch et al. (this study) Sudden display rotation (CCW 90°) Y >E Y = Ea,b

McNay and Willingham (1998) Display rotation (CCW 90°) Y >E Y = E*,b

Etnier and Landers (1998) Pursuit rotor Y >E N/A
Raz et al. (2000) Pursuit rotor Y >E N/A
Canavan et al. (1990) Prism adaptation: rightward (30°) touch on target

arrow, 34 cm away
Y = E —

Buch et al. (this study) Gradual display rotation (up to CCW 90°) Y = E Y >Ea

Y = Eb

Roller et al. (2002) Prism adaptation: rightward (20°) throw on 2 × 2
cm2 target, 2 m away

Y = E Y = Eb

Contreras-Vidal et al. (2002) Display gain (indirect feedback) Y = E Y = Eb

(*)Subjects were told these trials were undistorted, (—) no aftereffects were measured and/or reported.
(a)Based on the first aftereffect trial only.
(b)Based on more than one aftereffect trial. Note that most studies that analyzed more than one aftereffect trial did not find significant
differences across age groups. This was also the case in the present study.
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cline with aging is due to decreases in cognitive resources,
such as verbal and visuospatial working memory, ability to
switch among tasks, inhibitory function, and speed of pro-
cessing (Salthouse 1996; Park et al. 2002). Usually, cognitive
tasks that require effortful processing are thought to require
working memory, and are the ones that show the greatest
detrimental effect of aging. Conversely, recent studies sug-
gest that memory decline does not occur on tasks with low
executive needs (i.e., little effortful and strategic process-
ing), such as in implicit memory tasks (Park and Shaw
1992). In our adaptation task, we found that visuomotor
learning in the explicit, effortful, strategic task (sudden ro-
tation) was equivalent across age groups, although perfor-
mance was deteriorated for the elderly. However, perfor-
mance in the implicit, nonstrategic task (gradual rotation)
was similar across age groups, but visuomotor learning was
reduced in the elderly (as measured by the one-trial afteref-
fects). This is contrary to recent findings of negative effects
of aging on associative memory tasks in the language do-
main (i.e., learning of novel word-pair associations) that rely
on consciously controlled process as opposed to automatic,
unconscious processes (O’Hanlon et al. 2001). The present
study suggests that aging may differentially affect automatic
versus conscious controlled processes in visuospatial tasks.
However, more experiments engaging visuospatial pro-
cesses are needed to confirm this view.

Our main finding of differential effects of aging on vi-
suomotor adaptation to gradual and sudden distortions may
have clinical implications. In terms of performance, gradual
adaptation resulted in less directional and spatial errors, but
reduced aftereffects, whereas step adaptation resulted in
normal aftereffects, but increased spatial variability during
adaptation. In clinical settings, shaping procedures, such as
the gradual distortion herein, are used to gradually train
patients after stroke. The present results support the use of
this therapeutic strategy as a means of enhancing visuomo-
tor adaptation to altered conditions in the normal aging
population, as adaptation levels across exposure were iden-
tical for young and aged participants. However, the reduced
aftereffects observed indicate that shaping may not entirely
circumvent visuomotor learning deficits associated with
normal aging.

In summary, these findings suggest that in terms of
visuo-motor performance during sudden adaptation, the
older subjects are not able to implement cognitive strategies
as effectively as the young participants; nevertheless they
were able to adapt to the same extent as evidenced by the
similar levels of aftereffects across age groups. In the case of
the gradual regime, which does not involve explicit correc-
tive actions, the performance during exposure is compa-
rable across age groups; however the smaller aftereffects in
the older subjects indicate that mechanisms for implicit
learning, which presumably were minimally engaged dur-
ing the sudden condition, are deteriorated in this age group.

METHODS

Subjects
Ten healthy elderly participants between the ages of 63 and 80 (five
males and five females; mean age of 73.3 ± 6.70 yr) and ten healthy
young controls between the ages of 18 and 25 (five males and five
females; mean age of 21.00 ± 2.70 yr) were recruited from the local
university and from advertisements. Both women and minorities
were represented in the groups. The subjects were naive to the
purpose of the experiment, and all subjects were right-handed. All
subjects had normal or corrected-to-normal vision, gave informed
written consent, and answered a health-history questionnaire. All
participants were given the temporal orientation, registration, at-
tention and calculation, recall, and language items of the Mini-
Mental State Examination test (elderly, MMSE score of 23.7 ± 1.9;
young, MMSE score of 24.8 ± 0.6; Folstein et al. 1975). Elderly
participants were paid for their participation, whereas young con-
trols received class credit. All procedures were approved by the
Institutional Review Board at the University of Maryland at College
Park.

Apparatus
Each participant sat at a table facing a computer screen
(41 × 30cm) in front of him/her at a distance of 60 cm (Fig. 1A). A
vertical board was placed on the table between the subject’s head
and right shoulder to occlude vision of the arm and hand. An
infrared (IRED) marker was attached to the tip of the right index
finger. The position of this marker was sampled in real time at 100
Hz via an infrared three-dimensional motion measurement system
(Northern Digital Optotrack) connected to a personal computer
(Gateway 2000 E-4200). Feedback of the tip of the (extended)
index finger position was presented in the form of a white screen
cursor (5-mm diameter). The subjects controlled the movement of
the screen cursor by sliding the wrist and forearm across the sur-
face of the table to the right of the occluding board. This effectively
constrained the movement to the horizontal plane. Subjects were
instructed to make point-to-point movements “as fast and as
straight as possible when ready” by moving the white screen cursor
from a common central starting (home) location to one of four
(pseudo-randomized) target circles (diameter, 10 mm; directions,
45, 135, 225, and 315°) displayed on the screen at 20 cm from the
home circle. The start position and all four targets were visible
throughout the entire duration of the testing session. Movements
were initiated following the presentation of an auditory GO (400-
Hz tone) signal. Brief rest periods were allowed as needed to mini-
mize fatigue and maintain attention.

Experimental Procedure
Both age groups were equally divided at random into two sub-
groups; one subgroup was exposed to 11.25° CCW step incre-
ments, every 45 trials, of visual feedback rotation up to a total of
90° (gradual rotation), whereas a second subgroup was subjected
to 90° CCW cursor rotation from the onset of exposure (sudden
rotation; see Fig. 1B). The experimental session consisted of 3 con-
ditions that covered 440 total trials. During the pre-exposure con-
dition (40 trials; 10 movements per target direction), subjects
moved to one of four targets in the absence of any visual feedback
distortion. During the exposure condition, trials 41–400 (360 trials;
90 movements per target direction) were performed under a
gradual or sudden rotation applied to the screen cursor represen-
tation of the index finger position. Finally, trials 401–440 (40 trials;
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10 per target direction) were performed with normal visual feed-
back to test for aftereffects (post-exposure condition). The target
directions were randomized within each condition and consistent
between all subjects. Data acquisition was initiated with the acous-
tic start signal and terminated once the screen cursor reached the
prespecified target. Subjects had a maximum of 10 sec in which to
complete the trial. If this time constraint was reached, subjects
were instructed to immediately terminate the current movement
and return to the home position, where they awaited commence-
ment of the subsequent trial. Subjects were allowed a few practice
trials (with normal visual feedback) before testing began to famil-
iarize them with the experimental setup.

Screen Cursor Rotation Transformation Rule
During the exposure condition, the subjects controlled the position
of the cursor (x,y) which corresponded to the position of the actual
index finger (p,q) rotated about the center of the work space:

�x
y� = R�p

q� = �cos� − sin�

sin� cos� � �p
q� (1)

The rotation matrix R was used with � = 90° in the Sudden Con-
dition, whereas in the Gradual Condition � was increased by 11.25°
every 45 trials during the exposure stage (the sequence of �’s was
given by 11.25, 22.5, 33.75, 45, 56.25, 67.5, 78.75, and 90°).

Data Acquisition and Analysis
To reduce noise in the signal due to quantization and jittering (high
frequency changes) of the infrared signal, the sampled Cartesian
position data were low-pass filtered using an 8th order Butterworth
filter with a high cut-off of 5 Hz. Dual-pass filtering was used to
eliminate phase distortion. The smoothed data allowed the numeri-
cal differentiation of the tangential position, which was used to
obtain the velocity time series for each movement. Movement on-
set was determined by finding the velocity zero crossing immedi-
ately preceding the first point in the velocity time series that was at
least 20% of the peak velocity. A vector from the initial (home)
hand position to the position of the hand at 80 msec after move-
ment onset, determined the initial direction of the planned move-
ment trajectory. The initial directional error (IDE, in degrees) was
calculated as the angular difference between this vector and a vec-
tor extending from the starting (home) position to the target. As-
sessment of the directional error 80 msec after the movement onset
allows the directional error to be measured before corrections
guided by visual feedback are used. IDE can be considered to rep-
resent the planning of the initial direction of movement, and thus,
the current state of the internal model of the rotated environment.

The root mean square error (RMSE, in millimeters) was calcu-
lated to assess the average deviation of the movement trajectory
from a straight line connecting the starting point of the movement
and target position as follows,

RMSE �in mm� = �1

N �
i= 1

N

�xa − xi�
2 + �ya − yi�

2 ( 2)

in which (xa, ya) and (xi, yi) are corresponding points of the spa-
tially resampled (to achieve equally spaced samples) movement
trajectory and the ideal trajectory (whose temporal structure was
characterized by a uniform velocity profile and equidistant
samples), respectively, and N is the number of points in the trajec-
tory. Using the resampled hand trajectories, the mean (±SD) hand
paths were computed and plotted for pre-, early, late-, and post-

exposure trials. As the RMSE score is computed along the hand
trajectory from the home to the target, it can be seen as comprising
both planning and execution (due to implementation of planned
motor commands and on-line feedback-based corrections, respec-
tively) components of adaptation. Moreover, the RMSE scores
would depend on the particular strategy used to deal with the task
requirements. Roby-Brami and Burnod (1995) showed that the cor-
rective actions during exposure to visual rotation were a combina-
tion of three types of movement trajectories, spiral, angle or jagged,
and slow progression, with spiral trajectories almost always pro-
duced during the early exposure trials. Most likely, spiral trajecto-
ries would produce the largest RMSE scores, whereas slow progres-
sion movements, which are irregularly curved but usually in the
correct direction, would produce the smallest RMSE. Thus, it is
possible that IDE and RMSE scores during adaptation may diverge,
depending on the correction strategy used and the degree of reli-
ance on visual feedback, and they can be considered to capture
different aspects of adaptation.

To take into account baseline differences due to increased
spatio-temporal movement variability with advancing age (Cooke et
al. 1989; Darling et al. 1989; Contreras-Vidal et al. 1998; Teulings et
al. 2002), standardized scores were computed from the IDE and
RMSE variables. The standardized score (z-score) for an item indi-
cates how far and in what direction that item deviates from its
distribution’s mean, expressed in units of its distribution’s standard
deviation. This transformation is also useful to compare the relative
magnitudes of IDE and RMSE scores, which are known to come
from distributions with different means and different standard de-
viations (Pine et al. 1996). Moreover, standardization of the error
scores allowed us to focus on the changes in IDE and RMSE due to
adaptation with respect to baseline performance within each
group. For each subject, the standardized scores for each item (IDE,
RMSE) were obtained using the equation,

zi =
�xi − xPre − exposure�

SDPre − exposure
(3)

xi is the score for a single exposure or post-exposure trial, x̄Pre-exposure

is the pre-exposure mean of the measure, SDPre-exposure is the pre-
exposure standard deviation, and zi is the corresponding standard-
ized score. Measurements from four consecutive trials were pooled
and one block mean was calculated for IDE and RMSE. Both double
and single exponential curves were used to fit the group data for
the exposure and post-exposure conditions (using the Nelder-Mead
Simplex Algorithm as implemented in the MATLAB function fmin-
search), and plotted as a function of trial block. The residual errors
(root mean square errors and the residuals normalized to the mean
score) were used to assess goodness of fit and select the number of
parameters in the fitting equations. To avoid overfitting, a penalty
factor ([N + P]/[N-P], in which N is the number of samples, and P
is the number of parameters) that increases with the number of
parameters was used to weight the modeling error. This criterion is
similar to the final prediction error (FPE; Manolakis et al. 2000)
used in parametric signal modeling. Polar plots were also used to
show the rotation of the mean (±SD) initial movement direction
relative to pre-exposure as a function of learning stage.

A multivariate analysis of variance using the between-subject
factors group (Young; Elderly) and the within-subject factor rota-
tion angle for IDE and RMSE was obtained to assess effects of
group, effects of rotation angle, and group x rotation interaction
during adaptation to a gradual screen cursor rotation. Kruskall-
Wallis nonparametric statistical tests were used to assess initial
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response (early-exposure) to the distorted environment, final adap-
tation levels (late-exposure), and post-exposure trials (aftereffects)
as in Roller et al. (2002). Both the first available aftereffect trial and
the first trial-block (mean of first four post-exposure trials) were
analyzed. Analysis of the first aftereffect trial allowed us to mini-
mize volitional cognitive strategies and to account for the transient
nature of the aftereffects, which is typical of paradigms that use
representational feedback of hand movement (Kagerer et al. 1997;
Clower and Boussaoud 2000).
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